Using ab initio calculations, we investigate the effect of hydrostatic pressure on the electronic structure of LaMnO 3 (111) bilayers sandwiched between LaAlO 3 . In the ideal heterostructure we observe Dirac cones at the Fermi energy. However, octahedral tiltings open a band gap and thus destroy the Dirac nature. We show that the effect of the tiltings can be suppressed by hydrostatic pressure from 40 GPa to 60 GPa. At higher pressure further phase transitions are encountered. DOI: 10.1103/PhysRevB.93.035117 Every now and then transition metal oxides reveal new mysteries and fascinating properties [1] [2] [3] [4] [5] . Merging two or more of these compounds can lead to functionalities that are lacking in each individual oxide. An example is the two-dimensional electron gas formed at the interface between LaAlO 3 and SrTiO 3 [6] Still, there remain key challenges in perovskite oxide (111) superlattices. A first issue are difficulties in the growth due to the highly charged atomic layers encountered in this direction (strong tendency of polar surfaces to structural reconstruction). However, there have been important experimental breakthroughs in recent years in this respect, achieving better control of the atomic assembling [17] [18] [19] . Another very critical issue is the prominent role of octahedral tiltings, which can be present already in the parent compounds but typically are significantly enhanced at the interfaces in superlattices, partially to alleviate the lattice mismatch between the component materials. From a theoretical point of view, it is essential to take into account these effects in order to correctly describe the electronic properties [17] .
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Every now and then transition metal oxides reveal new mysteries and fascinating properties [1] [2] [3] [4] [5] . Merging two or more of these compounds can lead to functionalities that are lacking in each individual oxide. An example is the two-dimensional electron gas formed at the interface between LaAlO 3 and SrTiO 3 [6] or the possible superconductivity at the interface between LaNiO 3 and LaMnO 3 [7] . More recently, by considering growth orientations other than (001), additional exotic properties have been predicted, such as the existence of a tunable topological band structure for transition metal oxide bilayers, which can host a quantum spin Hall effect [8] , for example. Topological phases indeed have been theorized to emerge in e g systems such as LaNiO 3 (111) [9] , LaNiO 3 /LaAlO 3 (111) interface [10] [11] [12] , and LaAuO 3 [13] . The LaAlO 3 /SrTiO 3 heterostructure is another example for a strong interplay between the electronic and lattice degrees of freedom that leads to rich phenomena from Dirac to chargeordered multiferroic phases [14] . Very recently, Weng et al. [15] have used tight binding and first principles calculations to show that LaMnO 3 bilayers can form a magnetic topological insulator. Similar findings have been reported in Ref. [16] .
Still, there remain key challenges in perovskite oxide (111) superlattices. A first issue are difficulties in the growth due to the highly charged atomic layers encountered in this direction (strong tendency of polar surfaces to structural reconstruction). However, there have been important experimental breakthroughs in recent years in this respect, achieving better control of the atomic assembling [17] [18] [19] . Another very critical issue is the prominent role of octahedral tiltings, which can be present already in the parent compounds but typically are significantly enhanced at the interfaces in superlattices, partially to alleviate the lattice mismatch between the component materials. From a theoretical point of view, it is essential to take into account these effects in order to correctly describe the electronic properties [17] .
In this work we study the LaMnO 3 /LaAlO 3 (111) superlattice and demonstrate the existence of Dirac states at the Fermi energy, which are perturbed by strong octahedral tiltings, as manifested by a large band gap. Importantly, we find that it is possible to control the size of the band gap [22] . The energy and forces are converged with tolerances of 10 −5 eV and 0.01 eV/Å, respectively. Plane waves with a kinetic energy cutoff of 400 eV are used and the Brillouin zone is sampled on a -centered 6 × 6 × 2 grid, which is refined to 12 × 12 × 2 for calculating the density of states (DOS). Moreover, in the band structure calculations each high symmetry path is sampled on 100 points. Hydrostatic pressure is applied to the system by setting the stress tensor to the desired pressure and then allowing the system to fully relax, which generates a (p,V ,E) data point. To validate this approach, we use the Birch-Murnaghan equations of state [23] , which links the pressure p and energy E to the cell volume V , to fit our ab initio results and calculate B 0 and B 0 . The two methods are found to agree convincingly well. We note that treating highly correlated systems is not adequate with standard DFT. While the inclusion of an onsite U parameter can lead to an improvement in describing localized electrons, the method could still fail in classifying topological phases or metal-insulator transitions. For instance, previous DFT calculations [24] have predicted that SrIrO 3 bilayers would exhibit topological properties, whereas, DFT+DMFT (dynamical mean-field theory) predicted an AFM insulator [13] , which is in a better agreement with recent experimental work [19] . On the other hand, Yamasaki et al. [25] have used LDA + U and LDA+DMFT to study the properties of bulk LaMnO 3 under pressure yielding consistent results for the two methods. This is due to the robustness of the magnetic ordering in Mn-based systems which enables DFT + U to reasonably describe the electronic and magnetic evolution with pressure. Figure 1 shows for the superlattice without tiltings of the O octahedra Dirac states close to the Fermi energy at the K and K points. However, it turns out that this structure has not the lowest energy. By allowing structural relaxation, octahedral tiltings develop and the energy is lowered by 0.45 eV per formula unit. The resulting low energy structure is semiconducting with a band gap of about 0.5 eV and should be observed experimentally rather than the Dirac states. Middey and coworkers recently have succeeded in growing LaNiO 3 /LaAlO 3 (111) superlattices [17] . However, contrary to theoretical predictions of a metallic behavior [11, 12] , they found an insulating phase. The importance of structural relaxations for the opening of a band gap has been stressed by the authors of Ref. [26] . In order to tune the electronic states, in particular the band gap and dispersion near the Fermi energy, hydrostatic pressure can be an efficient tool, as has been shown previously for comparable systems; see, for example, Refs. [27] [28] [29] . Hydrostatic pressure is also known to straighten the metal-O-metal bonds in perovskite oxides and alleviate octahedral tiltings [30] .
We obtain superlattice parameters of a,b = 5.41Å and c = 13.33Å, which lie between the values of bulk LaMnO 3 and LaAlO 3 , as shown in Table I . The c/a ratio of 2.46 under ambient pressure drops slightly to 2.45 at 100 GPa and thus remains close to the ideal value of √ 6. At 0 GPa the Mn-O-Mn angles are close to 160
• [see Fig. 2(a) ]. Under pressure they increase (179
• at 100 GPa) to yield almost linear Mn-O-Mn bonds. Neighboring O octahedra are tilted out of phase reminiscent of the a − a − a − pattern of the bulk compounds with R3c symmetry. However, the tilting is characterized by different magnitudes for the MnO 6 and AlO 6 octahedra, which can be attributed to their different sizes. We observe also a quenching of the Jahn-Teller distortion [see Fig. 2(b) ], as quantified by the Q 2 and Q 3 parameters [35] . Both parameters change significantly up to a pressure of 40 GPa and then remain almost constant up to about 70 GPa. At higher pressure the Jahn-Teller distortion disappears.
All Mn magnetic moments are the same and we find no charge disproportionation in the considered pressure range, in contrast to bulk LaMnO 3 [36] . Being also an e 1 g system, the LaNiO 3 /LaAlO 3 superlattice likewise is predicted to exhibit charge disproportionation with breathing distortions of the NiO 6 octahedra [26] . Examining the local environments of the Mn atoms in our case, we find that under ambient pressure the average Mn-O bond length is 1.98Å and the volume of the O octahedron is 10.3Å 3 . Figure 3(a) shows the variation in the Mn magnetic moments with pressure. At 0 GPa we obtain 3.6 μ B , which remains fairly constant up to 80 GPa (i.e., 78% of the original volume). The exhibited ferromagnetism is at variance with the properties of bulk LaMnO 3 , which is an A-type antiferromagnet ( FM−AFM A ∼ 0.08 eV per Mn ion). This ferromagnetic ordering can be explained based on the observed orbital ordering [see Fig. 3(c) ], since the orbitals d 3x 2 −r 2 and d 3y 2 −r 2 can be assigned to Mn1 and Mn2, respectively. This gives rise to a situation analogous to undoped LaMnO 3 , where in-plane ferromagnetism is obtained on the basis of cooperative Jahn Teller distortions [37] (hopping between nonoverlapping O p and Mn2 d orbitals is negligible according to a Slater-Koster integral evaluation [38] ). Calculations with a 2 × 1 × 1 supercell containing two Mn ions per layer also have been performed to test for various antiferromagnetic orderings. We find that ferromagnetism at 0 GPa is lower in energy than A-, C-, and G-type antiferromagnetism by 0.23 eV, 0.25 eV, and 0.21 eV per Mn ion, respectively. The preference for ferromagnetism persists under pressure but the energy difference to antiferromagnetism decreases ( FM−AFM G ∼ 0.10 eV per Mn ion at 40 GPa).
For pressure beyond 80 GPa, the magnetic moments drop to 1.7 μ B , reflecting a transition from a high (t ) spin state. The same behavior has been predicted for bulk LaMnO 3 [39] . Both in bulk LaMnO 3 and in our case the magnetic moments start to collapse as the Mn-OMn angles approach 180
• and the Jahn-Teller distortion is quenched.
The Jahn-Teller distortion lifts the degeneracy of the d 3z 2 −r 2 and d x 2 −y 2 states. More specifically, the calculated orbital occupancies in Fig. 3(b) indicate a preference to fill the d 3z 2 −r 2 states at low pressure when the Jahn-Teller distortion is most pronounced. At 0 GPa the orbital polarization [40] ,
is 34%. As the pressure increases the d 3x 2 −r 2 /d 3y 2 −r 2 occupancy begins to drop and at the same time the d x 2 −y 2 occupancy grows, until degeneracy is restored near 80 GPa. With the transition from high to low spin both orbitals become empty at higher pressure.
To shed additional light on the electronic properties, we show in Fig. 4 
035117-3
Jahn-Teller distortion is largely suppressed [see Fig. 2(b) ]. The results resemble the 0-GPa band structure without octahedral tiltings. However, due to the broken inversion symmetry, small band gaps of different size open at the K and K points (10 meV and 50 meV, respectively). At 60 GPa the band structure remains qualitatively unchanged even though the volume has shrunk to 82% of the original value. This is expected from Fig.  2(b) as the Jahn-Teller distortion remains essentially constant for volumes in this range. A metallic behavior emerges at 80 GPa due to almost rigid shifts of bands below and above the Fermi energy. Because the Dirac cones are no longer pinned to the Fermi energy, no special behavior of the material is expected. When we approach 100 GPa the band structure reflects a transition from high to low spin, as manifested by the Mn magnetic moments. The dispersing e g band vanishes and two bands appear that correspond to the electrons transferred to the spin-down channel. The above discussion indicates that the absence of octahedral tiltings by itself is not sufficient to establish a linear dispersion. Even at 40 GPa (onset of the Dirac states) the Mn-O-Mn angle is 167
• . In general, an angle approaching 180
• implies an enhanced overlap between the Mn 3d and O 2p orbitals. This can be seen in Fig. 5(a) , as the occupied states in the vicinity of the Fermi energy are strongly hybridized (indicated by an arrow). Remarkably, at 40 GPa the same kind of hybridization of the Mn 3d and O 2p states is observed [see Fig. 5(d) ], but neither at 0 GPa with octahedral tiltings nor at 20 GPa.
In conclusion, we have studied the electronic structure of LaMnO 3 bilayers sandwiched between LaAlO 3 . The buckled honeycomb structure of LaMnO 3 generates Dirac states that can be tuned by the application of pressure. A series of electronic transitions is predicted including both insulating and metallic phases. This intimate interplay between the lattice and electronic degrees of freedom together with the specific geometry of perovskite oxide (111) bilayers and a multitude of possible ionic combinations opens an unprecedented playground in the field of Dirac systems. 
